We analyzed statistics, solar sources and properties of interplanetary coronal mass ejections (ICMEs) in the solar wind. In comparison with the first eight years of Cycle 23, during the same period of Cycle 24 the yearly numbers of ICMEs were less correlated with the flare numbers (0.68 vs 0.78) and sunspot numbers (0.66 vs 0.81), whereas the ICME correlation with coronal mass ejections (CMEs) was higher (0.77 vs 0.70). For the period January 2010 -August 2011, we identified solar sources of the ICMEs included in the Richardson and Cane list. The solar sources of ICME were determined from coronagraph observations of the Earth-directed CMEs supplemented by modeling of their propagation in the heliosphere using the kinematic models (the ballistic and drag-based model) and the Wang-Sheeley-Arge Enlil Cone MHD-based model. A detailed analysis of the ICME solar sources in the period under study showed that in 11 cases out of 23 (48 %) the observed ICME might be associated with two or more sources. In cases of multiple-source events, the resulting solar wind disturbances may be described as complex (merged) structures occurred due to the stream interactions with properties depending on the type of participating streams. As a reliable marker for identification of interacting streams and their sources, we used the plasma ion composition, as it becomes frozen in the low corona and remains unchanged in the heliosphere. According to the ion composition signatures, we classified these cases into three types: complex ejecta originating from weak and strong CME-CME interactions, as well as merged interaction regions (MIRs) originating from the CME-high-speed stream (HSS) interactions. We described temporal profiles of the ion composition for the single-source and multi-source solar wind structures and compared them with the ICME signatures determined from the kinematic and magnetic field parameters of the solar wind. In singlesource events, the ion charge state, as a rule, has one-peak enhancement with average duration of ∼ 1 day, which is similar to the mean ICME duration of 1.12 days derived from the Richardson and Cane list. In the multi-source events, the total profile of the ion charge state consists of a sequence of enhancements associated with interaction between the participating streams. On average, the total duration of complex structures appearing due to the CME-CME and CME-HSS interactions as determined from their ion composition is 2.4 days, which is more than 2 times longer than that of the single-source events.
Introduction
Interplanetary Coronal Mass Ejections (ICMEs) are the heliospheric counterparts of Coronal Mass Ejections (CMEs). In particular, their special type known as magnetic clouds (MCs), were found to be one of the most geoeffective solar wind transients (Burlaga et al., 1981; Zhang and Burlaga, 1988; Gosling et al., 1991; Farrugia, Burlaga, and Lepping, 1997; Zhang et al., 2004; Echer, Alves, and Gonzalez, 2005; Yermolaev et al., 2007 Yermolaev et al., , 2012 Verbanac et al., 2013; Gopalswamy et al., 2015) . Various signatures differentiate ICMEs from ambient slow solar wind and flows of fast solar wind from coronal holes (Gosling et al., 1990; Zurbuchen and Richardson, 2006; Richardson and Cane, 2010) . These signatures include among others, enhanced magnetic field strength, low plasma proton temperatures, bidirectional suprathermal electron strahls (BDEs) and plasma composition anomalies.
Along with solar flares, CMEs are the most powerful events of the large-scale solar activity typically observed by coronagraphs at the distances further than 2 R ⊙ from the solar center, but the coronagraphic observations give only their density structure and kinematic parameters. Physically, CMEs arise as magnetic eruptions in the low corona, and they are accompanied with different signatures, such as X-ray flares, dimmings, filament disappearances, coronal waves, posteruptive arcades etc., which may be detected in the EUV wavelength range by regular observations (Hudson and Cliver, 2001) . In some cases, however, CMEs have no evident signatures on the disk (stealth CMEs: Robbrecht, Patsourakos, and Vourlidas, 2009) . A comprehensive review of CMEs can be found elsewhere (e.g. Schwenn et al., 2006; Webb and Howard, 2012 , and references herein).
The rate of CME association with solar flares depends on the solar activity level and flare class. Andrews (2003) reported that ∼ 60 % of M-class flares were associated with CMEs. Yashiro and Gopalswamy (2009) examined the CME assoiations with the flares during Cycle 23 (1996 to 2007) and found that the CME association rate clearly increases with the peak X-ray flux from ∼ 20 % for the C-class flares to more than 90 % for X-class flares.
Among other solar wind parameters, the ion composition data of ICMEs are directly linked with properties of their solar sources because the ion charge states of solar wind transients are frozen-in in the corona, remaining practically unchanged during their propagation in the heliosphere to Earth (Hundhausen, Gilbert, and Bame, 1968) . Thus, the ion composition parameters like C 6+ /C 5+ , O 7+ /O 6+ ratios and the average iron charge state denoted by < Q F e > (Q F e = Σn i Q i /Σn i , where n i is the number density of the iron ions with charge state Q i ) can be used as tracers to localize the sources from which the transients emerge (Hundhausen, Gilbert, and Bame, 1968; Feldman, Landi, and Schwadron, 2005; Heidrich-Meisner et al., 2016) . Gopalswamy et al. (2013) presented a statistical relationship between ion composition states of ICMEs and parameters of flares and CMEs during Cycle 23. Zhang et al. (2007) investigated the solar and interplanetary sources of 88 geomagnetic storms that occurred during Cycle 23 (1996 -2005) . The authors identified these sources using as the main signature observations of the halo (full or partial) CMEs and then verifying the surface source region on the front side of the Sun using several eruptive features, including a large scale coronal dimming and a post-eruption loop arcade seen in EUV. They classified the geoeffective events into three categories: (1) S-type, in which the storm is associated with a single ICME and a single CME at the Sun; (2) M-type, in which the storm is associated with a complex solar wind flow produced by multiple interacting ICMEs arising from multiple halo CMEs; (3) C-type, in which the storm is associated with a CIR formed at the leading edge of a high-speed stream originating from a solar coronal hole (CH). They found that S and M-type events constitute 60 and 27 % of all the events, respectively.
The cases, when a CME interacts with other CMEs, or with a high-speed stream and even with the surrounding coronal magnetic field structures, which can deflect the CMEs from their initial propagation direction or seriously change their kinematic parameters, were considered by Harrison et al. (2012) ; Lugaz et al. (2012) ; Temmer et al. (2012) ; Liu et al. (2014a Liu et al. ( , 2015 ; Kataoka et al. (2015) ; Rodkin, Shugay, and Slemzin (2016) ; Wu et al. (2016) ; Lugaz et al. (2017) ; Shugay et al. (2017) . As a result of this interaction in the heliosphere, large-scale compound structures can reach the Earth in form of complex ejecta when two or more CMEs merge (Burlaga, Behannon, and Klein, 1987; Burlaga, Plunkett, and St. Cyr, 2002) , or merged interaction regions (MIRs, see Behannon, Burlaga, and Hewish, 1991; Burlaga et al., 2003; Rouillard et al., 2010) , if the interaction also involves corotating streams. These structures represent a particular interest for predictive models due to their enhanced geoeffectiveness. Identification and interpretation of such events is more difficult than for non-interacting phenomena because their properties can be modified depending on relations between types and parameters of participating structures. However, ion charge states of the erupted plasma frozen-in in the corona are not modified during interaction in the heliosphere, so they can serve as reliable markers of the solar sources of interacting structures. Analysis of the ion composition measured in situ can also be used for validation of the models that account for the interaction.
ICMEs in the beginning and rising phase of Cycle 24 have been studied in a number of recent papers. Kilpua et al. (2014) considered solar sources of ICMEs in the minimum between Cycles 23 and 24 (the year 2009). They found that among 20 ICMEs identified in that period, only seven were seen by Large Angle and Spectrometric Coronagraph (LASCO, Brueckner et al., 1995) . Eight ICMEs originated from narrow CMEs with the width less than 50
• registered by the coronagraphs onboard the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) on Solar Terrestrial Relations Observatory (STEREO: Howard et al., 2008) but not seen by LASCO. This result demonstrates that occurrence of the full or partial halo CMEs with the width more than 120
• is not a necessary condition for observation of ICMEs arriving to Earth. Gopalswamy et al. (2015) studied properties and geoeffectiveness of the special type of ICMEs with enhanced magnetic field strength and smooth rotation of the magnetic field components -MCs during the first 6 years of Cycles 23 and 24. They noted that although MCs during Cycle 24 appeared more frequently than during Cycle 23, their geoeffectiveness was lower: the mean value of the Dst index in the geomagnetic storms was twice less than during Cycle 23 due to the smaller factor V Bz (the product of the MC speed and the out-of-the-ecliptic component of the MC magnetic field). Lawrance et al. (2016) found that most of geomagnetic storms in the rising phases of Cycles 23 and 24 were associated with ICMEs, the average size of ICMEs during Cycle 23 being larger than during the current Cycle 24. Compagnino, Romano, and Zuccarello (2016) investigated some properties of CMEs (speed, acceleration, polar angle, width and mass) using the LASCO data and their association with flares during the period of two solar cycles (1997 -2014) . They found a linear dependence between logarithms of the flare flux and mass of the corresponding CMEs. They also concluded that the CMEs associated with flares are on average 100 km s −1 faster than the ones not associated with flares. In their work an association of the ICME parameters with properties of their solar sources was not considered. Recently Hess and Zhang (2017) have identified solar sources of 70 Earth-affecting interplanetary coronal mass ejections (ICMEs) during Cycle 24 (2007 -2015) . The authors analyzed the longitudinal distribution of the sources and found that as in past solar cycles, CMEs from the western hemisphere more likely reached Earth. However, they did not distinguish between single-source and multiple-source events and did not analyze the ICME ion composition.
The aims of this study are to analyze ion charge composition of ICMEs in the rising phase of Cycle 24, to identify their solar sources and to define specific signatures of complex solar wind structures arising as a result of interaction between CMEs and other transient streams like CME and HSS. We analyzed the ion composition parameters O 7+ /O 6+ , < Q F e > and the F e/O ratio. We present but not analyzed in detail the carbon composition data C 6+ /C 5+ because of a specific anomaly in carbon ion charge state at high temperatures occurred in the low corona (von Steiger et al., 1992; Zhao et al., 2016; Kocher et al., 2017) . 
Data Sources and Methods
As the initial data, we used the comprehensive ICME catalog 1 compiled by Richardson and Cane (hereafter will be referred as the RC list) which is the most complete for Cycle 24 and contains the data for Cycle 23 in the same format, which is convenient for comparison. We took 1-hour averaged values of the proton speed, density, temperature and magnetic field components from the Level 2 data of the Solar Wind Electron Proton Alpha Monitor (SWEPAM: McComas et al., 1998) and magnetometer (MAG: Smith et al., 1998) onboard the Advanced Composition Explorer (ACE: Stone et al., 1998) . In the analysis of the ICME ion composition, we used 1-hour averaged data from the Solar Wind Ion Composition Spectrometer (SWICS: Gloeckler et al., 1998) for the period before 23 August 2011 (SWICS 1.1 data 2 ). In the periods of the ACE data gaps we used also the data from Solar Wind Experiment onboard WIND (SWE: Ogilvie et al., 1995) . Due to recalibration of the SWICS instrument, the ion composition data after 23 August 2011 are not fully compatible with the older data, so we limited our investigation to the period before this date. To identify the Earth directed CMEs, we used SDO/AIA data 3 Lemen et al. (2012) ,in addition to the LASCO CME catalogs provided by the Cordinated Data Analysis Workshops (CDAW) 4 , Solar Eruptive Event Detection System (SEEDS) 5 and Computer Aided CME Tracking (CACTus) 6 databases. The total number of CMEs during the first eight years of Cycle 24 was 61 % larger than in the same period of Cycle 23, but the number of X-ray flares was 20 % smaller. In the beginning of Cycle 24 the number of the X-ray flares registered by GOES was two times less than in Cycle 23 because most of them were one or two orders weaker than in the previous cycle, and in many cases Xray fluxes were below the instrumental sensitivity threshold. In 2009, the X-ray photometer SPHINX onboard the CORONAS-Photon/TESIS telescope, having the sensitivity level two orders below than GOES, detected 963 flares whereas GOES detected only 256 flares (Mrozek et al., 2013) . The correlations between the yearly frequencies of ICMEs and CMEs for the first eight years of Cycles 23 and 24 are comparable -0.70 and 0.77, whereas the correlation between the ICME and the X-ray flare yearly numbers amounts to 0.78 for Cycle 23 and 0.68 for Cycle 24. At the same time, the strength of X-ray flares in Cycle 24 is noticeably less than during the previous one. Similarly, many weak CMEs and CME-like events were observed during Cycle 24 (Kilpua et al., 2014) . Solar flares and CMEs result from the rapid energy dissipation in the solar atmosphere. They can proceed jointly with different partitions of energy between them from one event to another (Emslie et al., 2012) . The energy partition ratio α = E rad /E tot of the emitted electromagnetic energy E rad to the total emitted energy E tot = E rad + E pl in different cases may vary from one to zero, with E pl being the kinetic energy of the ejected plasma (CME). The limiting case α = 0 corresponds to a pure CME without any flare. The limiting case α = 1 corresponds to a pure flare without a CME, which is called a confined flare. Intermediate cases 0 < α < 1 correspond to eruptive flares. Our analysis shows a difference between Cycles 23 and 24 in this regard. As it follows from Figure 1 , the confined flares are relatively more frequent phenomena during Cycle 23 because the closed magnetic fields associated with a larger number of sunspots was stronger. One can speculate that CMEs and flares correlate better during the weaker 24th cycle because of the same reason weaker closed magnetic fields in active regions.
Identification of ICME Solar Sources for the period from January 2010 to August 2011
To determine relations between parameters of ICMEs and their solar sources, we first need to establish associations between the ICMEs and the solar activity events. We considered the temporal boundaries of the ICMEs taken from the RC list which were defined by such signatures as enhanced velocity of protons V p and magnetic field strength |B|, decreased temperature of protons T p below the expected from the V p value. The ion composition data are mentioned as one of the main signatures of ICMEs in the paper by Richardson and Cane (2004) . However, due to the corresponding data being not shown in the RC catalog, and the temporal boundaries of the ICMEs corresponding to the plasma temperature and magnetic field parameters rather than the ion charge state enhancements, the composition data were probably not considered as the main signature in the routine identification of the ICME boundaries. The first step was to determine the time intervals at the Sun when one or several CMEs, in principle, can produce the given ICME. We calculated these time intervals using the average ICME velocity in the ballistic approximation (Nolte and Roelof, 1973) with an accuracy of ∼ 12 h (McNeice, Elliot, and Acebal, 2011).
The second step was to select CMEs directed to Earth. For this purpose, we used the data from the coronagraphs COR2 at the STEREO-A and B spacecraft. During 2010 -2011 both STEREO spacecraft were positioned nearly in quadrature with the direction to Earth with deviation being less then ± 40
• . Firstly, we selected the CMEs, if they appearing in STEREO-A COR2 at the East limb and in STEREO-B COR2 at the West limb within the time interval of 1 hour, with the latitudinal contours crossing the equatorial plane. The CME velocities determined by the COR2 on STEREO-A and B in all cases, except two fastest CMEs, differ less than on 30 %, which, taking into account positions of the STEREO spacecraft, correspond to the CME propagation angles with respect to the Sun-Earth line of less than 20
• . Then we analyzed also the LASCO C2 data, looking in particular for full and partial halo CMEs. Among 24 CMEs registered by the STEREO coronagraphs, 16 were observed by LASCO, from which 13 were halo or partial halo type. For example, for the two fastest cases mentioned above LASCO data show halo CMEs, so we still consider these CMEs as directed at the Earth even if significant differences can be seen in the speeds measured by COR2 A and COR2 B. As an additional criterion of association of a CME with the given ICME, the time of arrival of CME to Earth calculated with the Drag-based prediction model (Žic, Vršnak, and Temmer, 2015) should lie within the temporal limits of the ICME ± 12 hours (Shi et al., 2015) .
The associated X-ray flares were determined under the condition that the time interval between the flare peak and the start-up time of the selected CME did not exceed 1 hour. Spatial associations between flares and CMEs were established using observations of coronal dimmings, erupting filaments, and post-eruption arcades (see e.g. Hudson and Cliver, 2001; Zhukov, 2007) in the EUV imaging data from SOHO/EIT (EIT: Delaboudinière et al., 1995) (for the period from January to May 2010) and SDO/AIA (for the period from May 2010 to August 2011). In this way, the RC list was supplemented with the data on the identified solar sources (CMEs and flares) for the ascending phase of Cycle 24 (January 2010 -August 2011).
In total, the list for the period from January 2010 to August 2011 contains 23 events (see Table 2 and Table 3 ). 12 of them were linked with the singlesource (SS) CMEs and 11 are the multi-source (MS) events (Fig. 2) . Only in 10 cases LASCO observed full or partial halo CMEs. In one more case, a narrow (angular width 53
• ) non-halo CME was detected by LASCO. In the remaining 12 cases, LASCO did not detect a CME, although STEREO observations nearly in quadrature with LASCO indicate that CMEs did occur in 6 of these events. This means that the detection of a full or a partial halo CME by a remote-sensing observatory at 1 AU (e.g. SOHO) is not a necessary condition for a subsequent ICME detection in situ around the same observatory (e.g. by SOHO or ACE).
Besides CMEs, we must take into account other types of solar wind as sources, such as corotating interaction regions (CIRs) and heliospheric current sheet (HCS), which can interact with CMEs and change the parameters of the events observed in situ at 1 AU. Below we will follow the definition of Burlaga et al. (2003) and name such complex events as merged interaction regions (MIRs).
Ion Composition Parameters of ICMEs for the period from January 2010 to August 2011
The averaged values of < Q F e > and the O 7+ /O 6+ ratio for the ICMEs in the period 2010 -2011 are lower than those during Cycle 23 due to weaker heating processes in the corona (Table 4) . Maximum values of < Q F e > were approximately the same for both cycles. However, for O 7+ /O 6+ ratio the maximum values were higher during 23rd Cycle.
The ion composition parameters of the ICMEs, such as the maximal, minimal and averaged values of the temperature-dependent ratios O 7+ /O 6+ , the average charge of the iron ions < Q F e > and the magnetic structure-dependent ratio F e/O, were determined from the ACE data for SS and MS events appeared in the period 2010 -August 2011 (see Table 5 and Table 6 ). In these tables, we use the notation "ICME" for the solar wind disturbances identified in RC list. The notation "Event" we use in the case of SS and MS events identified with the help of ion composition analysis. The start and end times of ICMEs were taken from the RC list. Intervals of SS and MS events we defined from the enhancements of the solar wind ion charge states. Below we consider examples of the SS and 5:54/6:54 (C) 5:00 (PH) * C -CACTus data, S -SEEDS data. * * H -Halo CME, PH -Partial Halo CME. MS events identified from the ACE solar wind data in the period from January 2010 to August 2011. Table 7 . The multi-source transients can be classified into several types: 1) complex ejecta with weak CME-CME interaction, 2) complex ejecta originated from strong CME-CME interactions, and 3) complex structures consisting of interacting CMEs and high-speed streams (HSS), including merged interaction regions (MIRs: Burlaga et al., 2003; Rouillard et al., 2010) .
ICMEs and Complex Transient Structures
Successive or interacting CMEs may be sympathetic or homologous. In general, sympathetic CMEs originate almost simultaneously from different source regions with a certain physical connection (Moon et al., 2003) . Homologous CMEs occur successively from the same region in an interval of several hours and have a similar morphology (Zhang and Wang, 2002) . A review of different aspects associated with the interaction of successive CMEs can be found in the paper of Lugaz et al. (2017) .
In the next sections we describe signatures of single-source ICME and different multi-source complex transient events observed during the considered period of Cycle 24. The possible sources of these events are given in Table 2 and Table 3 .
Single-source event
Below we consider and date the ICMEs according to the RC list. We consider the ICME on 5 April 2010 (RC) as an example of a classic single-source event. The propagation of this ICME and its influence on Earth were analyzed in Möstl et al. Table 5 .: Parameters of single-and multi-source transient events in the solar wind during the year 2010. Periods of events were defined from the enhancements of the solar wind ion charge state. SS -single-source; MS1 -complex ejecta with weak interaction; MS2 -complex ejecta with strong interaction; MS3 -complex structure originated from CME-HSS interaction. In the last column, the duration of the event is compared with the duration of the ICME mentioned in the RC list. Table 6 .: Parameters of single-and multi-source transient events in the solar wind during the year 2010. Periods of events were defined from the enhancements of the solar wind ion charge state. In the last column, the duration of the event is compared with the duration of the ICME mentioned in the RC list. of this event was the halo CME erupted from the Sun on 3 April 2010. This CME was associated with a flare from active region (AR) 11059. The time and speed of the ICME and parameters of its presumed source are given in Table 2 . The position of the source with respect to the Sun-Earth line is S27W00, so the CME propagated radially from the site of the associated flare . Temmer et al. (2011) derived that the trajectory of the apex of this CME of E25 ± 10 differs by 10-30 degrees from the results given in Möstl et al. (2010) .
ACE data (Fig. 3) show the shock in front of the ICME and the sheath between them. We can see a smooth rotation of magnetic field components which is typical for MCs. This ICME triggered a prolonged geomagnetic storm on 5-7 April 2010 with the minimum Dst= -72 nT . It also caused a gradual solar energetic particle (SEP) event, which was investigated in detail in Liu et al. (2011) .
The boundaries of ion charge state enhancements (Fig. 3 , right panels) well agree with the boundaries of the ICME in RC list determined on the base of the main plasma parameters V p , n p , T p and B (Fig. 3, left panels) . The F e/O ratio has two peaks with a local depression between them (FIP bias varies between 5 and 3). As the FIP-bias depends on the magnetic field topology in the solar source region (Feldman, 1992; Somov, 2013; Laming, 2015) , the variation of the F e/O ratio suggests that the ejecta includes components of plasma with different magnetic nature. Also, the proton temperature is below the expected value which is one of the main signatures of standard single-source ICMEs (e.g. Richardson and Cane, 2010) .
Multiple-source events

Complex ejecta with weak interaction
The ICME on 11 February 2010 (RC) is an example of merged successive CMEs forming complex ejecta with weak interaction. The most probable sources were three CMEs erupted from Sun on 6 -7 February 2010. These CMEs were associated with three flares from AR 11045. The time and speed of the ICME and parameters of its sources are given in Table 2 .
According to the RC list, the ICME lasted from 11 February 2010 8:00 UT to 12 February 2010 3:00 UT, but after the end of the ICME one can see the period of depressed proton temperature, probably associated with the second ejecta. The ion composition parameters show several maxima, the first one coinciding Figure 3 . Single-source event on 5 April 2010. Left panel from top to bottom: the proton speed; the proton density; the proton temperature (black) and the expected temperature (magenta); the MF intensity; the MF GSM components (Bx -the green, By -the blue, Bz -the red). Right panel from top to bottom: the C 6+ /C 5+ ratio; O 7+ /O 6+ ratio; mean iron charge < Q F e >; the F e/O ratio; and the He/p ratio. The dot-dashed vertical lines mark the start and end of the ICME from the RC list. Solid black vertical lines marks the shock.
with the ICME boundaries from the RC list, and the other two being beyond them (Fig. 4) . In these peaks the enhanced values of O 7+ /O 6+ ratio (around 0.8) and Q F e (> 12) indicate the presence of hot plasma in the solar source which is typical for ICMEs. Taking into account the ion composition distribution, the end boundary of this event can be extended to 13 February 2010 11:00 UT. Thus, we see the ion composition enhancements from successive CMEs are merged and create a long-lasting (2.5 day) complex ejecta structure whereas the ICME identified in the RC list lasted only 19 hours. We also can see the double-peak structure in He/p ratio as support of this hypothesis. According to Lugaz et al. (2017) , this case of CME-CME interaction can be classified as a long-duration complex ejecta, consisting in our case of MC and ejecta. We can see only one shock probably related to the second (fastest) CME observed close to the Sun (see Table 2 ). We note though that in this case it is impossible to determine reliably the correspondence between the solar CMEs and transient interplanetary structures, as it is the case in complex ejecta (Burlaga, Plunkett, and St. Cyr, 2002) . 
Complex ejecta with strong interaction
The event on 6 August 2011 is an example of a complex ejecta with strong CME-CME interaction. The most possible sources of this event were two CMEs erupted from the Sun on 3 -4 August 2011 (see Table 3 ). A case study of this complex event consisting of several solar wind transients detected by ACE on 4 -7 August 2011 was presented by Rodkin et al. (2017) . Contrary to the case of merged CMEs shown in Figure 4 , one can see here one shock and one ejecta coinciding with the ICME in the RC list. Figure 5 presents the record of the complex ejecta event created by strong interaction of two CMEs. The second one overtook the first at 0.6 AU 8 . As a result, it created a complex structure consisted of shock, sheath and ICME lasting from 5 to 8 August 2011. There are two ion charge state enhancements and a two-peak density enhancement. The first peak corresponds to the plasma Figure 5 . Complex ejecta formed by strong CME-CME interaction on 6 August 2011. The layout and the format of the plots are the same as in Figure 4 .
of the first CME on 3 August 2011 compressed by the second CME on 4 August 2011, the second ion charge state enhancement most probably can be related to the second hotter CME. This event can be referred to the type of the complex ejecta (Lugaz et al., 2017) with strong interaction between participating CMEs. The strong interaction is evidenced by the presence of ICME material (with ion charge state composition signatures) from the first CME in the sheath between the the second ICME and its driven shock.
CME-HSS interaction
The event on 4 February 2011 is an example of the complex structure resulting from the CME-HSS interaction (Fig. 6) . The event started with a shock detected by WIND on 4 February 2011 at 01:51 UT followed by a sheath and the ICME (the RC list: started on 4 February at 13:00 UT, ended at 20:00 UT). The most possible source of this ICME was the slow CME erupted from Sun on 30 January 2011 and observed by STEREO-A/ STEREO-B at 03:54/09:24 UT, and by LASCO at 12:36 UT (see Table 4 ). The CME was rather slow and weak, so due to different sensitivities of the coronagraphs, the start times differ by more than 1 hour; association of all data with the same feature was checked visually. Using the drag-based model and taking the ambient wind speed as 350 km s −1 , the predicted time of the CME arrival to Earth is on 5 February at 12:46 UT.
It means that the ICME arrived one day earlier than predicted. This difference may be caused by interaction of the CME with the HSS originated from the northern mid-latitude coronal hole, which appeared in the central part of the solar disk after 29 January 2011, achieving its maximal area on 1 February around 17:00 UT. Using the empirical model based on the coronal hole area , it can be calculated, that in absence of interaction the stream interface of the HSS (a boundary of the corotating interaction region -CIR) should arrive to Earth on 3 February at 20:00 UT with the peak speed of ≈ 600 km s −1 . Figure 6 . MIR created by the CME-HSS interaction on 4 February 2011. The layout and the format of the plots are the same as in Figure 4 .
According to the ACE data, the CIR arrived on 4 February at 20:00 UT, just after the ICME but one day later than predicted. In the ICME region, the magnetic field configuration was typical for a MC. At the moment of peak |B|, the B z component dropped to -16 nT, which caused a moderate geomagnetic storm at 22:00 UT of the same day with Dst = -63 nT. The ion composition distributions show enhancements, which started after the shock and lasted to the end of ICME. After the ICME, in the CIR region the composition signatures drop down to the values typical for the HSS plasma. It is worth to note that the peak in F e/O associated with the flux rope was shifted by around 6 hours earlier with respect to the peak of < Q F e > and plasma density. This suggests that plasma of the leading flux rope was relatively cold in comparison with that in the following hotter CME body.
We suggest, that the observed structure of the complex event and divergence between the real and predicted arrival times of the CME and the HSS can be explained by their interaction. The CME was additionally accelerated by the following HSS from ∼ 100 km s −1 in the low corona to 400 km s −1 at 1 AU. Due to this interaction the HSS got slowed down and its signatures appeared at 1 AU a day later than predicted. The observed complex structure can be classified as a MIR consisting of a shock, sheath, MC and a CIR similar to the case described by Rouillard et al. (2010) .
Summary and Conclusion
We analyzed statistics, solar sources and properties of ICMEs and complex transient structures in the solar wind observed in situ in the beginning of Cycle 24 from January 2010 to August 2011. The total number of ICMEs and X-ray flares during the first eight years of Cycle 24 was two times less than during the same period of Cycle 23, but the total number of CMEs was similar. Correlation of the ICME yearly frequencies with those of CMEs during Cycle 24 was similar to Cycle 23 for the considered period, whereas the correlation of ICMEs with flares decreased during Cycle 24 due to noticeable amount of weak flares below the measurable level. Consequently, the ICME statistics with respect to their solar sources has been changed due to the increased portion of fairly identified solar events and solar wind ICME-like transients (Kilpua et al., 2014) , which supports this conclusion (Gopalswamy et al., 2013; Galvin et al., 2013; Rod'kin et al., 2016) . Another feature of Cycle 24 is a noticeable number of complex transient structures arising because of interaction between several streams in the heliosphere. We identified solar origins of ICMEs from the RC list for the period of January 2010 -August 2011 and found that in many cases the event can be associated with two or more solar sources or with presumed interaction of CMEs with HSSs from coronal holes. We considered in detail four examples of single-and multi-source events paying particular attention to the ion composition parameters.
The cases of the SS and MS events considered in the previous sections and presented in Figures 3-6 demonstrate the relation between ion composition parameters and other properties of the transient streams, as well as their interaction in the heliosphere. Analysis of the ACE solar wind data has shown that the SS events satisfy the identification criteria established in the literature for ICMEs (Lepri et al., 2001; Richardson and Cane, 2004; Zurbuchen and Richardson, 2006; Richardson and Cane, 2010) . According to Tables 5 and 6 , and Figure 2 , temporal boundaries for the SS events determined by the standard identification procedure and by ion composition are similar (1.12 and 1 day, correspondingly), which agree well with the averaged ICME duration (1.27 ± 0.67 days, Temmer et al., 2017) , obtained from the RC list without division on SS and MS events.
For the MS events, the average total duration, determined from the ion charge composition, is 2.4 days, which is more than 2 times longer than the average SS event duration.
For different types of the ICME events, temporal profiles of the ion composition parameters are strongly different. In the SS events, the profiles of O 7+ /O 6+ and < Q F e > have one broad peak with the full width similar to the event duration, sometimes with local depressions with characteristic times of 4 -6 hours (see Fig. 3 ). The average values of the ion charge state parameters correspond to the plasma temperature in the solar source below the boundary of the freezing-in region. A fine structure inside these maxima is most likely linked with spatial or temporal variation in the magnetic field topology of the solar source.
In the MS complex ejecta events of the weakly interacting type (Fig. 4 ) the ion composition profiles can have several maxima following one after another with the width of ∼ 1 day as for the SS events. As in this case there is very little CME plasma mixing, we may expect that the peak values of O 7+ /O 6+ and < Q F e > correspond to the plasma temperatures in the individual solar sources of these CMEs like it happens in the SS events. Other parameters of the transients such as speed, density and proton temperature profiles reflect the successive passing of the CMEs through the interplanetary medium. Temmer et al. (2017) have shown that typically the disturbed state of the ambient solar wind relaxes during 3 -5 days after the ICME passage, so the propagation of subsequent CMEs following with in this time period depends on the previous ones, and the result cannot be described as a simple chain of several independent ICMEs. The case of MS complex ejecta event associated with strong CME-CME interaction is the most complicated for interpretation. Collision of CMEs results in variation of their kinematical parameters, compression and mixing of their plasma. Kinematical and magnetic field aspects of this interaction were considered, in particular, by Möstl et al., 2012; Temmer et al., 2012; Liu et al., 2014b; Lugaz et al., 2017; Shen et al., 2017 and in the references therein. The complex MS event of 6 August 2011, presented in Figure 5 , occurred after interaction of the faster and more powerful CME (V CME =1315 km s −1 ) , which catches up with the previous slower one (V CME =610 km s −1 ) started 14 hours earlier. Simulation by the WSA-Enlil cone model 9 shows that this interaction occurred in the heliosphere at the distance of ∼ 0.6 AU from the Sun. The first small peak in the O 7+ /O 6+ ratio around 1.2 and in the iron ion charge state < Q F e > around 14 occurred in the sheath after the shock that arrived on 5 August at 17:51 (according to the RC list), and, probably, corresponds to the plasma of the first CME compressed by the second one driving the shock. The second wider peak in composition parameters (O 7+ /O 6+ ∼ 1.3, < Q F e > ∼ 16, F e/O ∼ 0.5) seen on 6 August at ∼ 12:00 UT hours likely refers to the hottest plasma of MC originated from the second faster CME. On 6 August at 00:00 UT the GSM B z component of the IMF dropped down to -14 nT, which led to the geomagnetic storm with Dst=-110 nT at 12:00 UT. The ICME identified by the RC list between 6 August, 22:00 UT and 7 August, 22:00 UT corresponding to the interval of low proton temperature contained the plasma (O 7+ /O 6+ ∼ 0.1 -0.2, < Q F e > ∼ 10 -12), probably, created by the two merged ejecta. As plasma in the heliosphere is collisionless, its ion charge state formed in the low corona cannot be changed by the stream interaction. Thus, by analysis of the ion composition of different plasma components, we can trace the plasma streams from their solar sources.
In the cases of CME-HSS interaction the resulting complex structure (MIR) consists of several parts with the ion charge state depending of the history of this event (e.g. the faster CME overtakes the slower HSS or vice versa). In the case presented in Figure 6 , the faster HSS overtakes a CME. Due to this interaction, the ion composition profiles have broad peaks corresponding to the CME appeared earlier than the plasma signatures of ICME. The CME plasma originated from closed magnetic structure of active region has enhanced F e/O ∼ 1 (FIP bias ∼ 20), whereas the plasma of HSS from coronal hole has F e/O ∼ 0.05 -0.1 (FIP bias ∼ 1 -2). The regions of the CME and HSS plasmas are easily distinguished in the ion composition profiles.
Summarizing the features of the considered cases, we can formulate the specific properties of the ion composition in the SS and MS events:
1. In the SS events, the charge state enhancements of the O and F e ions in the solar wind at 1 AU coincide in time with the plasma and magnetic field signatures used for the ICME identification. The averaged ion charge states in the ICME correspond to the freezed-in conditions (plasma temperature and density) in the solar source. 2. In the MS complex ejecta events with weak interaction of several CMEs, the total profile of the ion charge state consists of a number of enhancements associated with the successive CMEs. In absence of a strong interaction between the transients (e.g. in case of a not too important speed difference between parent solar CMEs), the magnitudes of the composition enhancements are determined by plasma conditions in the parent solar sources, but their arrival times may be shifted due to incomplete recovery of the background interplanetary medium after the passage of the preceding transient. 3. The ion composition profiles in the MS complex ejecta events associated with the strong CME-CME interaction at 1 AU have a complicated structure depending on many factors, as timelines and parameters of the participating CMEs, mutual orientation of their magnetic fields, presence of one or several shocks and sheaths. However, the ion charge states of the plasma components of this complex structure are defined by parameters of the solar sources and are not strongly disturbed by the interaction. 4. In the MS events with interaction between CME and HSS, the resulting profiles of the ion composition parameters in the complex structures (MIRs) depend on the order and parameters of solar sources of the arriving streams. 
